A number of numerical models have been developed that attempt to numerically emulate aspects of the microstructure of hydrating cements in order to predict transport properties and other important aspects of their behavior. In the writer's view, appropriate mathematical description of the microstructure of Portland cement pastes and concretes would require at least implicit recognition of certain specific microstructural features inherent in these systems, some of which are ignored or mis-represented in current models. Illustrations of some of these ignored or mis-represented features are provided.
INTRODUCTION
Models that describe properties and behaviors of engineering systems have a long and distinguished history in "pure" science as well as in engineering. Some of the most useful models in engineering have no necessary connection with the internal structures of the substances whose behavior is described. Good examples are the spring-dashpot models used to quantify the load-deformation-time characteristics of viscoelastic materials.
With respect to concrete, continuum models can be developed that model the behavior of concrete without making specific assumptions concerning its microstructure. A prime illustration is the well-known STADIUM model of Marchand and associates, as described for example in [1] . In contrast, "microstructure models" attempt to predict the properties of cement pastes (and concretes) based on mathematical descriptions of the internal microstructures that are developed during cement hydration.
It appears that the model microstructures simulated by the current microstructure models lack or misinterpret certain important features of the real microstructures being simulated. In the present paper the writer has attempted to call attention to these neglected 'real' features, which are well illustrated in the current literature and are within the size scale used in the common models. Since the treatment is not framed in quantitative terms, these features are described as constituting an 'unmodel'.
In this paper, the microstructural treatments provided in the three most commonly cited microstructural models are examined and compared with the 'unmodel'. Specifically, the models examined are the CEMHYD3D model developed at NIST [2, 3] , the HYMOSTRUC model developed at Delft University [4 ,5,6 ] and the DuCOM model developed at Tokyo University [7] . It is recognized that the models are undergoing continued development and the 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada publications cited do not necessarily provide the latest model developments. Nevertheless, most of the model features discussed appear to reflect fundamental assumptions of the respective models, and are not likely to be modified significantly in the near future. A major consideration to the writer is that the microstructure of cement paste as it develops in concrete (or mortar) may differ in certain important particulars from the corresponding microstructure developed in cement paste by itself. This aspect appears not to have been considered in the models discussed, even though one of the major goals of the modeling activity is the prediction of the behavioral characteristics of concrete.
The writer claims no expertise in mathematical modeling, and begs forgiveness if he has misinterpreted any of the model features discussed He is aware that the mathematical complexities inherent in modeling necessarily influence and limit the way specific features can be treated in the models. Thus this survey of how microstructural characteristics developed mathematically in the models differ from those of the real systems should not be taken as representing criticism of the efforts of the modelers.
2.

OVERVIEW OF SPECIFIC FEATURES TO BE DISCUSSED
The microstructures of hydrated cement materials will obviously be influenced by variations in such parameters as the water:cement (w:c) ratio, the cement used, the extent of incorporation of admixtures and supplementary cementitious components, and the conditions of hydration. In this paper the focus will be on 'archetypical' hydrated cement systems of 'normal' w:c ratio, hydrated in a normal manner, and whose content of admixtures and supplementary cementitious components is not such as to severely influence microstructural development.
Among the features to be discussed are (1) the characteristics and hydration behavior of different sizes of Portland cement grains, (2) initial stereological positions assumed by the cement grains in freshly-mixed cement pastes (and concretes), (3) the geometry associated with the development of hydration products, and (4) the effects produced by cement hydration in mortars and concretes, as distinguished from hydration in cement pastes.
The size scale of concern is limited to that used in current models, i.e. the order of 1 µm or slightly less, although actually the resolution of the SEM images presented is generally finer than this. No attempt is made here to consider "multiscale microstructure"; in the writer's opinion, features of nanoscale microstructure of hydrated cement are in fact not well established, and they deserve far more careful concern than has been provided in multiscale modeling to date.
TREATMENTS OF PORTLAND CEMENT GRAINS
In this section the sizes, shapes, and positions of Portland cement grains as depicted in the starting assumptions used in the various models are examined, and compared with their actual characteristics in the "real world".
The treatment of cement grains in the DuCOM model [7] is extremely simple. Cement grains are simply idealized as spherical particles of uniform size. The size used corresponds to the mean size of the cement being modeled. In generating the model the 'cement' spheres are placed in a computational cell, the dimensions of which correspond to the size of the particles plus the mean distance between them, the latter being governed by the w:c ratio. If the writer 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada understands the description of the model correctly, this cell is simply repeated in all directions within the computed mass. The possibility of local agglomerations of cement grains is mentioned, but seemingly not considered in the model itself. Despite the fact that the model is specifically pointed toward concrete durability concerns, the possible effects of aggregates on the stereological positions assumed by the cement particles is apparently not considered. A somewhat less radically simplified approach is taken by the assumptions concerning the starting cement grains in the HYMOSTRUC model. As indicated by Ye [5] , the cement grains here are also modeled as spheres, but of a range of diameters that correspond to the full range of sizes found in the cement being modeled. These spheres are randomly assigned locations within a computational box large enough to provide what is considered to be a 'representative volume'. This is normally 100 µm on a side, but larger boxes can be considered. The voxel size is normally 1 µm on a side, but this size can be reduced. As in the DuCOM model, neither agglomerations of cement grains nor the effects of aggregates on the spatial distributions of the cement grains in concrete are considered.
The CEMHYD3D model also currently treats the cement grains as digitized spheres, although particle shapes other than spheres can be substituted. As the present paper was being written, a new attempt by Bullard and Garboczi to model actual shapes of cement particles and their influence on hydration became available on-line [8] and will be published shortly.
Like the HYMOSTRUC model, the CEMHYD3D model takes into account the actual size distribution of the cement. However, in earlier applications of the model the size of the largest cement grain admitted to the computation cell was considerably restricted to a maximum commonly present in cement, about 35 µm, an important limitation in the opinion of the present writer. In current applications using larger computation cells, sizes up to 73 µm can be incorporated. While large cement grains constitute only a small proportion of the cement grains in a particle number tally, they can have significant effects on microstructural development, especially if they cluster in certain areas.
The voxel size used in CEMHYD3D has normally been 1 µm, although recently some simulations have been run with voxel sizes as small as 0.25 µm on a side.
Much more detailed local chemical effects are considered in the CEMHYD3D model. Real particles of the cement being modeled are first analyzed in 2-dimensional space by backscatter SEM and EDS, and correlation functions are employed to simulate the local mineral composition to be attributed to each hypothetical cement sphere. The spheres are placed one at a time starting with the largest, to random locations within the computational box. In this packing the spheres are not necessarily separated by water films; neighboring spheres may touch each other. While the initial packing of spheres is random, the effects of local agglomeration of particles and conversely, particle dispersion effects, can be optionally simulated. While the influence of sand grains on the stereological distribution of cement grains is not considered, in the most recent version of the model (version 3.0), an attempt is made to permit modeling of the chemical effects of an aggregate surface. Such a surface can be optionally simulated by placing a layer of "aggregate" voxels in the computational box and optionally allowing precipitation of calcium hydroxide on this layer of simulated aggregate.
The corresponding features of the starting array of actual cement grains in the 'unmodel' attempted here differ from those of all the models in a number of important ways.
First and most obvious, ground clinker grains that constitute the bulk of Portland cements are not spherical. Except for the existence of sharp points and edges, spherical representation 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada may not be too bad an approximation for some of the coarser cement particles, which exhibit a tendency to be of equant shapes. However, spherical representation appears to be a very bad approximation for most of the finer cement grains. The finer particles are in fact characteristically sharp-edged chips that are obviously produced by the clinker crushing and grinding operations, and neither look like, nor pack together like, spheres. Many are elongated. In a SEM image analysis study reported by Bonen and Diamond [9] the mean aspect ratio found for cement particles of each of the finer size classes was close to 2.2, compared to 1 for spheres. An equally important concern to that of size and shape is the equivalent in real cement pastes and concretes of the initial positioning of the cement within the model space.
Actually, the starting stereological positions assumed by cement particles within freshlymixed cement pastes have not been studied very extensively, although some SEM observations on freshly-mixed pastes frozen in liquid nitrogen were reported some years ago by Uchikawa et al. [10] and by Escadeillas and Maso [11] . Uchikawa et al. found that in their plain cement paste the particles were "unevenly dispersed" with fine particles apparently stuck in contact with coarse ones.
It has been known since the time of Powers that, unless heavily superplasticized, a fresh cement paste mass is flocculated and constitutes a single conjoined floc. The essence of this flocculation is that contacts between cement particles tend to be "sticky"; thus accidental contacts made during mixing are likely to persist. Accordingly, the spatial distribution of cement grains in real cement pastes is not likely to be random. As indicated earlier, this characteristic is recognized and allowed for as a secondary optional feature in the CEMHYD3D model, but not in the others.
As mentioned earlier, important differences exist between fresh cement paste by itself and fresh cement pastes in concrete. The concept that such differences can exist is certainly not new. It has been supposed by many that cement grains are uniformly "rejected" from a significant volume of space surrounding each sand grain, the effect giving rise to a nowclassical picture of an interfacial transition zone. It appears that in reality the effect of the sand and aggregate grains on the stereological positions assumed by the cement grains is actually much more complex than this. Fig. 1a illustrates some of this complexity. The figure is a backscatter field-emission SEM image, one of many images of freshly-mixed mortars of various w:c ratios obtained recently, and kindly provided by K.O. Kjellsen [12] . To obtain such images, very small samples of the mortars were quickly frozen in liquid nitrogen, and the water removed by sublimation. The sublimed water was replaced by epoxy resin, the resin hardened, and a surface ground and polished for backscatter SEM examination. The particular freshly-mixed mortar illustrated in Fig. 1a had a w:c ratio of 0.50.
It is evident in Fig. 1a that the actual arrangement of cement particles in the freshly-mixed mortars is far from spatially random. For one thing, a surrounding layer or halo about 5 µm thick from which cement particles are apparently excluded is seen around some sand grains (but not others). Such a layer is seen in Fig. 1a around the lower left sand grain; however, small cement grains are visible within the seeming halo that surrounds the upper right one. Similar empty halos around some of the sand grains (but not others) can be seen in SEM images of fresh mortars provided by Escadeillas and Maso [11] , who prepared their specimens in a similar manner. The halo effect may or may not be an artifact.
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However, a consistently-found irregularity which is definitely not an artifact is also illustrated in Fig. 1a . Local regions show distinct clustering of large cement grains (and some small ones) are seen in the upper left and lower right areas. These are commonly interspersed with other areas that almost entirely lack the larger cement grains and are relatively sparsely occupied even by the finer cement grains. Such an area is seen in the center of the field of Fig.  1a ; it is shown at higher magnification in Fig. 1b .
As discussed previously, the small cement particles found in Fig. 1b are mostly sharpedged chips, and the smallest ones tend to be elongated as well. Of particular importance is the obvious fact that the solid volume occupancy of the local space is very low, i.e. the local w:c ratio in this region is exceedingly high. This kind of spatial inhomogeneity was not reported in freshly-mixed pastes examined by Uchikawa et al. [10] or Escadeillas and Maso [11] . While some local fluctuations of particle distributions occur in fresh cement pastes, it seems that clustering of large cement grains in specific areas and their virtual absence in other areas are not characteristic of properly mixed fresh cement paste. On the other hand, this very specific kind of microstructural inhomogeneity in fresh concrete was specifically inferred by Idorn [13] , on the basis of his optical microscope observations of the so-called 'patchy' structures detected in hardened concretes. He estimated the local w:c ratio in the more open patches in a w:c 0.45 concrete to be "approaching 1.0", which seems quite consistent with the appearance of Fig. 1b. 2nd As will be seen later, this kind of inhomogeneity strongly influences the development of the hydrated microstructure in the different areas, resulting in interspersed areas of quite disparate microstructural character. A very much larger computational cell than normally employed by any of the models would seem to be required to adequately model such effects in mortars and concretes.
4.
THE GEOMETRIC AND SPACE-FILLING EFECTS OF HYDRATION
In the DuCOM model as described by Maekawa et al. [7] , once hydration is begun the spherical cement grains are modeled as growing uniformly in size until they touch. The growth is described as a combined effect of an increasingly thick layer of 'inner hydration products' (generated within the original boundary of each sphere) overlaid by a layer of 'outer hydration products' in close contact with the inner product layer. The overall enlargement of the spheres progressively infringes on the water-filled capillary spaces between the cement grains, reducing their content and connectivity.
It appears that despite the stated goal of the DuCOM model toward applications to concrete durability, the geometric characteristics of the hydration products in the model are simply those of a homogeneous assemblage of iso-sized 'expanded' spherical cement grains.
The HYMOSTRUC model is geometrically a little more realistic, in that the idealized cement spheres that are packed randomly into the computation box are of sizes corresponding to the size distribution of the cement. As diagrammed in the cartoon of Fig. 2 (reproduced by permission from [5] ) hydration in this model is also modeled as a progressive increase of the sizes of each starting sphere as layers of inner and outer product develop around them. Hydration "clusters" form as the enlarged spheres come into contact with each other, and the The geometry of the hydration processes as modeled in the HYMOSTRUC model is readily grasped from Fig. 2 , where it is very clearly displayed.
Unfortunately, this is not the case for the corresponding output of the CEMHYD3D model. A representative example of the two-dimensional output of this model, taken from Bentz [3] is shown as Fig. 3 .
The CEMHYD3D model is chemically complex. As previously indicated, cement mineral compositions are assigned to different portions of the modeled cement spheres. In modeling the hydration processes, rules are provided for the dissolution of solid material from the surfaces of the spheres, diffusion of the voxels representing diffusing species in the waterfilled space, and reactions of these with each other (and with solid surfaces). Statistical probabilities are assigned to each response. The resulting microstructural output is not easily grasped, even when depicted on a two dimensional surface. Partly this difficulty stems from the fact that the images include arbitrarily color-coded compositional information as well as microstructural information. The present writer has attempted to simplify the image of Fig. 3 by separately grouping the pixels representing the residual cement components, those representing C-S-H and other hydration products, and those representing pore space, and ascribing a single gray scale value to each class. This facilitates comparison with backscatter SEM (or micro-CT) images. In the left-hand image of Fig. 4 the residual cement compounds are shown in white, the hydration products in gray, and the pore space in black,
The right hand image of Fig. 4 is a SEM image of the w:c 0.30 paste made from the particular cement hydrated for a time period equivalent to the number of model cycles that resulted in the Fig.4A output (90 days) . This image was also kindly supplied by D.P. Bentz, and is reproduced here at the same size scale as the model output image.
It appears that removal of the compositional color coding information does facilitate interpretation and comparison of the model output images; nevertheless the inherent limitation of the 1 m pixel size remain painfully obvious.
A similar pair of images are shown in Fig. 5 for a companion cement paste hydrated under sealed conditions, i.e. with the water supply limited to that originally present in the paste. Both the model output and the SEM image suggest that such a mode of hydration leaves larger voids than hydration under saturated conditions. In the model output these larger black spaces are empty, i.e. not filled with water.
In the SEM image of Fig. 5 it can be seen that many of these larger spaces are in fact hollow shell hydration voids, the nature of which will be discussed in the following section. Actually, many of the voids shown in the SEM image of Fig. 4 are also hollow shells, but higher magnification is needed to see this clearly. These hollow shells have no apparent counterpart in the modeled microstructures. Nevertheless, some of the geometric aspects of cement hydration in cement pastes appear to be captured in the CEMHYD3D model. Bentz [14] very recently concluded on the basis 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada of a two point correlation procedure that the particle structures exhibited in micro-CT imaging of cement pastes could be mathematically well correlated with model outputs using the same cement. However, good correlation required larger computation cells than used for example in Fig. 3, i. e. computation cells that were 200 µm or preferably 300 µm on a side. It appears that the detailed modeling assumptions provided in the CEMHYD3D model can approximate some aspects of the real structure, but that the simple modeling assumptions of the DuCOM and the HYMOSTRUC models generate microstructures that are not realistic.
To begin with, both these models assume that the hydrating cement particles are spheres surrounded by progressively thicker layers of inner and outer products.
The SEM image of Fig. 4 suggests that a uniformly thick inner product layer might be a reasonable approximation for two of the larger cement grains; however the other cement grains in this figure do not show this characteristic, nor do any of the cement grains in the SEM image of Fig. 5 . Most SEM observations of hydration products suggest that a distinct inner product layer that uniformly surrounds a cement grain is the exception, not the rule.
A distinct outer product layer around each cement grain that cleaves to the inner product and leaves the remainder of water-filled spaces between the grains free of deposits, is also featured in both these models. In contrast, SEM observations suggest that outer product in most cement pastes form a ground mass that precipitates more or less indifferently within the water-filled pore space without much regard to the propinquity of cement grains.
Perhaps more important, it has been established for many years that small and intermediate-sized cement grains (actually up to ca. 15 or 20 µm) do not usually produce an inner product layer in close contact with their residual cement cores at all. Instead, they hollow out from within a thin shell of hydration product that is formed very early in the hydration process. Subsequently many of these "hollow shell" spaces tend to fill up with late hydration products, but many often remain empty, and constitute a special class of multi-µm sized pores in the final product. The shells themselves tend to become embedded in subsequent hydration product depositions, but the empty pores, such as those that can be seen in the SEM images of Figs. 4 and 5 remain visible. Fig. 6 provides a view of a field in a 1-day old w:c 0.45 paste in which most of the small cement grains have been completely hollowed out, and comparatively few have had the opportunity to fill up again. There are partial gaps even in the larger cement grains.
These hollow shell hydration processes were originally discovered by D. W. Hadley in 1972 [15] , and have been documented many times by the present writer and others; an excellent example is the 1999 paper of Kjellsen et al [16] . Their existence has been shown not only in backscatter SEM but also more recently in micro-CT examinations reported by Diamond and Landis [17] , and they are also apparent in the micro-CT images contained in the "virtual cement data set" of Bentz et al. [18] . Most recently their existence and degree of connectivity have been documented by yet another technique, high resolution laser confocal imaging, as reported by Head and Buenfeld [19] . A is a fully hollowed out grain, about 6 µm in size; B is a nondescript deposit of C-S-H, and C is a ca. 20 µm grain that has undergone partial hollowing out.
The fundamental assumptions of both the DuCOM and the HYMOSTRUC models would appear to prohibit the modeling of hollow shell grains, although in a departure from their usual model assumptions, van Breugel and Lokhorst [20] modeled creep behavior (not microstructure) by assuming that some of the of inner product shells were empty.
The CEMHYD3D model is more flexible, and it appears that it may be possible to effectively simulate this aspect of cement hydration by suitable adjustments of certain reaction probabilities entertained in the operation of the model [21] .
SPECIFIC GEOMETRIC EFFECTS OF HYDRATION IN CONCRETE
Previously in this paper it was asserted that the geometric effects of cement hydration in mortars and concretes differ in certain important respects from the effects in cement paste per se. In this section two such effects are specifically discussed.
In ordinary concretes, essentially all of the hydration products are generated within less than 100 µm or so of the nearest aggregate surface. Such nearby solid surfaces can and do provide many sites for heterogeneous nucleation of calcium hydroxide. Thus deposition of a layer of calcium hydroxide on sand and aggregate surfaces is an almost inevitable occurrence. Such deposits are readily detected by optical microscope examination [22] as well as by SEM. Some years ago the writer estimated that about 25% of the perimeter surface of sand grains in a mature mortar was covered by a layer of calcium hydroxide at least 5 µm thick [23] .
The formation of such deposits modifies the microstructural pattern otherwise produced in cement hydration, both by their presence on aggregate surfaces, and by reducing the amount 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada of calcium hydroxide that would otherwise be deposited within the cement paste itself, thus reducing the degree of local infilling of pore space. The layer thickness deposited on aggregate surfaces may reach as much as 20 µm in some places. Nevertheless, this well-established phenomenon does not seem to have been generally recognized as a necessary feature in modeling cement hydration in concretes. An exception is the current version (3.0) of the CEMHYD3D model, which has an optional provision for placing a simulated aggregate layer surface in the calculation box, and a further optional provision allowing calcium hydroxide deposition on this layer. To the knowledge of the writer, it has not been established that the modeled deposition of calcium hydroxide, if allowed, would reasonably simulate the deposits developed in real mortars and concretes.
Another important difference between cement hydration in mortars and concretes and cement hydration by itself stems from the specific inhomogeneity in the distribution of cement particles illustrated previously in Fig. 1 . The development of hydration products takes place quite differently in areas where larger cement grains cluster together than it does in the areas containing only smaller and more widely separated cement grains. This difference in starting geometry leads to the development of dense patches and porous patches in the resulting hardened mortar or concrete. Such patches have been documented in a number of papers, for example [24] [25] [26] using SEM; they are also observed in optical microscopy, and have recently been shown to be present in micro-CT examination of mortars [17] .
The differences in the hydration patterns taking place in adjacent dense and porous areas in the same mortar are illustrated in Fig.7 . In the dense area depicted in the left hand image of Fig. 7 the local clustering of large cement grains has generated sufficient locally-deposited hydration products to fill in essentially all of the space between unhydrated cement cores, except for a few hollow shell Further hydration of the embedded cement grains is unlikely. In contrast, in the nearby area imaged in the right hand image of Fig. 7 most of the hollow shell voids have remain unfilled, and the shells themselves remain distinct from each other and are not embedded within secondary hydration products. Also remaining empty are several elongated and convoluted pores, distinguishable by the absence of bounding shells. These presumably represent remnants of the water-filled space between the cement grains -i.e "capillary pores" by the original definition. In some places (not always) the boundaries between dense and porous areas can be surprisingly sharp, indicating that they are not minor local gradations but quite distinct entities, as described years ago by Idorn [13] .
Thus it is seen that in mortars (or concretes) the hydration processes in different areas lead to quite different and distinct local microstructures. Unfortunately, modeling of such multiply co-existing microstructures does not seem feasible with current approaches, especially considering the limited sizes of the computation cells ordinarily employed.
DISCUSSION
The writer has attempted to point out some of the geometric and microstructural features assumed in current microstructural models, and to compare them to a qualitative assessment of microstructural features developed in real hydrating cements and concretes.
He recognizes that the specific numerical predictive goals of microstructural modeling of cement hydration vary, and their achievement does not necessarily require complete fidelity of the model to the actual microstructure. It would appear from papers describing the 'validation' of the several models that many of these numerical predictive goals are generally being accomplished by existing models, at least to the satisfaction of the modelers involved.
Nevertheless, it would seem desirable that the modelers keep in mind the actual microstructural features that are characteristic of the systems being modeled, and perhaps to incorporate such features into their models, at least to the degree that such incorporation is mathematically and computationally feasible.
Furthermore, modelers might find it useful to determine, and to point out specifically, where the results of hydration processes simulated in particular runs of their models depart from reality. Since all of the laboratories involved in the development of the models discussed here are known to have excellent scanning electron microscope facilities, such assessment should not constitute an unreasonable task.
CONCLUSIONS
Current microstructural models of hydrating cement systems appear to depart from microstructural 'reality' in a variety of ways.
(1) All of the models currently consider the cement grains to be spheres, a poor approximation for the actual shapes of most of the ground clinker particles in cement. hydration of all but the larger cement grains involves hollowing out of the interiors of the grains from within thin shells. (6) Important differences between hydration patterns in cement paste and in concrete appear to be generally ignored. The deposition of calcium hydroxide on aggregate surfaces, an important feature with respect to concrete durability, is ignored except for an optional feature allowed in the CEMHYD3D model. The development of differing microstructures in adjacent areas stemming from differences in initial packing of cement particles is a common feature in mortars and concretes, but is not modeled, and does not appear to be susceptible to modeling by the current models
